Introduction {#s01}
============

Cancer-associated fibroblasts (CAFs) are one of the most abundant cell types in the tumor microenvironment and have the ability to promote tumor growth ([@bib52]; [@bib53]). A key function of normal fibroblasts (NFs) is to maintain the homeostasis of the ECM ([@bib42]). In contrast, CAFs and other activated fibroblasts exhibit changes in this critical process. CAFs secrete high levels of ECM proteins, such as fibronectin (Fn), type I and type II collagen, and express oncofetal isoforms of Fn ([@bib9]; [@bib73]; [@bib64]; [@bib17]; [@bib31]). In addition, CAFs have been shown to alter the architecture and physical properties of the ECM, influencing cell migration, invasion, and growth ([@bib40]; [@bib43]). Through force-mediated matrix remodeling, CAFs deform collagen I matrices, generating tracks that cancer cells follow ([@bib26]). CAFs also have been shown to generate aligned matrix fibers in vitro ([@bib2]; [@bib46]; [@bib24]). Alignment of ECM fibers has also been observed in tumors and found to be associated with poor patient prognosis ([@bib18]; [@bib24]). However, the mechanisms of ECM alignment and its role in CAF--cancer cell interactions remain poorly understood.

Fn is one of the most abundant ECM proteins and mediates various cellular activities, including adhesion, migration, growth, and differentiation ([@bib55]). Fn binds to ECM proteins, such as collagen, periostin, fibrillin, and tenascin-C, and facilitates their assembly and organization ([@bib41]; [@bib44]). Aberrant expression of Fn has also been associated with tumor progression ([@bib37]; [@bib72]; [@bib75]). Hence, there is substantial interest in understanding the function of Fn in the tumor microenvironment.

Fn is assembled into fibers through its binding to transmembrane integrin adhesion receptors ([@bib49]; [@bib14]). Integrin α5β1 is the major Fn receptor and facilitates Fn fibrillogenesis by activating cellular contractility and applying traction forces to Fn ([@bib34]; [@bib47]; [@bib66]). Although the role of α5β1 integrin in the Fn matrix assembly is well known, it is not clear how inside--out signaling in activated fibroblasts is regulated and leads to matrix reorganization.

Growth factor signaling is important in mediating cancer cell--tumor stroma interactions to promote tumor progression. One of the key growth factors connecting cancer and stromal cells is PDGF. PDGF is a potent activator of fibroblasts through its binding to cell-surface PDGF receptors (PDGFRs). PDGFRs are tyrosine kinase receptors composed of homo- or heterodimers of two PDGFR chains, PDGFRα and PDGFRβ ([@bib21]). Most cancer cells, including prostate carcinomas, express PDGF ligands but not PDGFRs ([@bib63]; [@bib69]). In contrast, CAFs overexpress both PDGFRs compared with NFs ([@bib5]). PDGF ligands secreted by cancer cells are known to induce proliferation, migration, and recruitment of stromal fibroblasts ([@bib54]). A recent study showed that inactivation of PDGFRα in fibroblasts decreases connective tissue remodeling ([@bib35]); however, its role in remodeling of other tissues and/or disease states is poorly understood.

In the present study, we demonstrate that Fn fibrillogenesis by CAFs promotes CAF--cancer cell interactions and mediates directional migration of cancer cells in co-culture assays. Fn-rich cell-derived matrices (CDMs) isolated from CAF cultures, but not NF cultures, exhibit aligned fiber organization and promote directional cancer cell migration. Compared with NFs, we find that matrix organization by CAFs is mediated by enhanced myosin-II--driven contractility and increased traction forces, transduced to the ECM via α5β1 integrin. Furthermore, we provide evidence that up-regulated PDGFRα activity in CAFs has a role in contractility and parallel Fn organization. We also identify αv integrin as a regulator of cancer cell migration on CAF matrices. Collectively, we demonstrate a new mechanism driving CAF--cancer cell interaction and directional cancer cell migration.

Results {#s02}
=======

Fn promotes CAF--cancer cell association and directional cancer cell migration {#s03}
------------------------------------------------------------------------------

To investigate the effects of CAFs on cancer cell migration, we co-cultured prostatic fibroblasts with DU145 prostate cancer cells. CellTracker green-labeled CAFs or NFs were mixed with CellTracker red-labeled DU145 prostate cancer cells in a 1:1 ratio and loaded into two separate, side-by-side chambers of a microfluidic device to mimic the close interactions within the tumor microenvironment (Fig. S1 A). When DU145 cells were co-cultured with NFs, they exhibited minimal interaction with NFs and migrated randomly ([Fig. 1, A--E](#fig1){ref-type="fig"}; and Video 1). In contrast, in co-cultures with CAFs, DU145 cells migrated toward and along the axis of CAFs, resulting in a greater association index with CAFs ([Fig. 1, A--E](#fig1){ref-type="fig"}; and Video 2). Interestingly, no difference in the migration speeds of DU-145 cells was found in either co-culture condition (Fig. S1 B). To test whether CAF-promoted directional cancer cell migration was restricted to tissue-matched cancer cells or whether CAFs could induce similar effects on other cancer cell types, we subjected head and neck squamous cell carcinoma (HNSCC) cell lines JHU012 and SCC61 to co-culture with prostate CAFs and NFs. Intriguingly, although derived from a different tissue, HNSCC cell lines also displayed an increased association with fibroblasts and directional migration when co-cultured with prostate CAFs. However, co-culturing with NFs did not affect the migration directionality of HNSCC cells or induce an association between NFs and HNSCC cells (Fig. S1, C--G; and Video 3).

![**Fn secreted by CAFs promotes CAF--cancer cell association and directional cancer cell migration.** (A) Time-lapse images showing co-culture of DU145 prostate cancer cells (red) with NFs (left; green) or CAFs (right; green) in microfluidic devices. Bar, 20 µm (Videos 1 and 2). (B) Schematic representation of the calculation to determine the association index between fibroblasts and cancer cells. (C) Association index of DU145 cells with NFs or CAFs. (D) Schematic representation for the calculation to determine the directionality ratio. (E) Directionality ratio of DU145 cells in co-cultures with NFs or CAFs. (C and E) The data represent ≥30 cells per condition in four individual experiments. (F) Fn staining of NF + DU145 cells (left) and CAF + DU145 (right) cell co-cultures. Fn, green; F-actin, phalloidin, red. Bars: (F, top) 20 µm; (bottom) 10 µm. White boxes indicate areas of increased magnification. (G) Co-culture of CAFs (unlabeled) with DU145 cells (red), cultured in culture medium supplemented with 5 µg/ml FITC--Fn (green). Bar, 20 µm. Arrows point to the leading edge of the cancer cell, where it binds to the Fn fibers assembled by CAFs (Video 3). (H) Time-lapse images showing co-culture of DU145 cells (red) with CAFs (green) transfected with nontargeting siRNA control (Ctrl CAF, left) or Fn siRNA (Fn-KD CAF, right). Arrows point to the cells of interest. Bar, 50 µm (Video 4). (I) Association index for DU145 cells with control (Ctrl) or Fn--KD CAFs. (J) Directionality ratio of DU145 cells in co-cultures with control (Ctrl) or Fn--KD CAFs. (I and J) The data represent ≥30 cells per condition in three individual experiments (C, E, I, and J) \*\*\*, P \< 0.001, determined by Mann-Whitney *U* test. All box plots range from the 25th to the 75th percentiles; the central line indicates the median, and the whiskers range from the 5th to the 95th percentiles.](JCB_201704053_Fig1){#fig1}

Prostate CAF-induced directional migration, in both the prostate cell line DU145 and the HNSCC cell lines JHU012 and SCC61, suggests that the mechanism by which CAFs modulate cancer cell migration is not organ specific. Previous studies identified various ways that CAFs alter the ECM composition and architecture ([@bib26]; [@bib40]). Because ECM is a major factor that regulates cell migration, we hypothesized that increased association and directional cancer cell migration in co-cultures with CAFs are a result of changes in the ECM. Fn is a major ECM protein, which is secreted and assembled into fibers by fibroblasts. Aberrant expression of Fn and its fetal isoforms have been reported in many cancers ([@bib7]; [@bib72]; [@bib31]; [@bib75]). Therefore, we first studied the expression of Fn and its splice variant (with extra domain A \[Fn-EDA\]) in prostate CAFs. We found that CAFs expressed 50% more Fn compared with NFs (Fig. S1, H and I). In addition, there was a 3.5-fold increase in the expression of the isoform of Fn in CAFs relative to NFs (Fig. S1, J and K). Next, we studied whether cancer cells interact with Fn in co-cultures. After 24 h of incubation, cells were fixed and stained for Fn and F-actin. In co-cultures with NFs, in the rarer cases, in which cancer cells made physical contact with fibroblasts, we did not observe detectable Fn in the contact area ([Fig. 1 F](#fig1){ref-type="fig"}, left). However, when co-cultured with CAFs, cancer cells frequently appeared to be attached to Fn fibers at contact sites with the CAFs ([Fig. 1 F](#fig1){ref-type="fig"}, right). To visualize the interaction between CAF-assembled Fn fibrils and cancer cells live, we added FITC-labeled Fn to the co-culture medium at the same time that cells were plated. In the 24 h incubation, CAFs incorporated FITC--Fn into Fn fibrils. The next day, time-lapse microscopy was performed. We observed that DU145 cells actively pull on the Fn fibers on the periphery of CAFs as they migrate ([Fig. 1 G](#fig1){ref-type="fig"} and Video 4). Next, we tested whether Fn derived from CAFs was critical for directional cancer cell migration and increased association with CAFs. First, Fn expression was knocked down in CAFs using an siRNA pool, which reduced Fn expression by 80% (Fig. S1, L and M). Then, DU145 cells were co-cultured with control or Fn-knockdown (KD) CAFs for 24 h, and time-lapse microscopy was performed. Knocking down Fn significantly reduced the association and migration directionality of DU145 cells with CAFs ([Fig. 1, H--J](#fig1){ref-type="fig"}; and Video 5). Notably, migration speed of DU145 cells was also decreased in co-cultures with Fn-KD CAFs compared with control CAFs (Fig. S1 N).

The close interaction between the cancer cells and CAFs in our co-culture experiments gave rise to the question of whether cancer cells and CAFs make heterotypic E-cadherin/N-cadherin adhesions, as recently reported ([@bib45]). Immunofluorescence (IF) staining of DU145-CAF co-cultures for N-cadherins and E-cadherins revealed that DU145 cells make E-cadherin junctions with other DU145 cancer cells (Fig. S2 A, top). In contrast, CAFs exhibited N-cadherin junctions when contacting other CAFs (Fig. S2 A, bottom). However, we did not observe any N-cadherin/E-cadherin connections at sites at which DU145 cancer cells made contact with CAFs (Fig. S2 A, bottom).

Fn is an essential component of the CAF-derived matrix and promotes directional migration of cancer cells {#s04}
---------------------------------------------------------------------------------------------------------

Our results indicated that Fn, secreted by CAFs, is important for regulation of cancer cell migration. In addition to Fn expression, changes in Fn organization can have a role in mediating cancer cell migration. Therefore, we studied the architecture of the Fn matrix in NFs and CAFs. After 48 h of incubation, NFs assembled Fn into an intricate network of fibers resembling a mesh; in contrast, CAFs organized Fn into parallel fibers (Fig. S2 B). The angles between the Fn fibers in the CAF matrix were significantly smaller than those of the NF matrix, indicating a more-aligned fiber organization (Fig. S2 C). Similarly, the peaks observed in Fast-Fourier transform (FFT) analyses indicated that Fn was arranged in a specific direction by CAFs, compared with the unorganized fiber network assembled by NFs (Fig. S2 D).

To better understand the role of CAF-derived Fn in regulating cancer cell migration, we generated CDMs. The CDMs are produced by the CAFs and NFs that were removed from the matrix on d 8, leaving the matrix intact ([@bib23]). The matrix was then visualized by labeling with *N*-hydroxysuccinimide (NHS)--ester-488. The CDMs produced by NFs displayed a random network of fibers; however, ECM fibers in the CAF-derived CDMs presented an anisotropic fiber orientation with prominent peaks 180° apart by FFT analysis ([Fig. 2, A--C](#fig2){ref-type="fig"}). Most of the fibers in both NF and CAF CDMs colocalized with Fn, indicating that Fn is an abundant component of those matrices ([Fig. 2 A](#fig2){ref-type="fig"}).

![**Aligned Fn organization by CAFs mediates directional cancer cell migration.** (A) Representative images of NHS--ester-488 (green) and anti--Fn (red) staining in CDMs generated by NFs and CAFs. Bar, 50 µm. (B) Measurements of angles between Fn fibers in NF and CAF CDMs. More than 100 angles per condition were measured from at least 12 images from three independent experiments. \*\*\*, P \< 0.001, Mann-Whitney *U* test. (C) FFT analysis of CDMs stained with the Fn antibody shown in A. (D) Time-lapse images showing DU145 cells (red) migrating on NF- and CAF-derived matrices (labeled with NHS--ester-488 dye, green). Bar, 50 µm (Videos 5 and 6). (E--H) Box plots showing DU145 cell migration directionality ratio on NF and CAF CDMs in 2D (E) or 3D (G), and migration speed in 2D (F) and 3D (H). Greater than 70 cells were analyzed per condition from three independent experiments. \*\*\*, P \< 0.001, analyzed by Mann-Whitney *U* test. Box plots range from the 25th to the 75th percentiles; the central line indicates the median, and the whiskers range from the 5th to the 95th percentiles. (I) Fn staining of control or Fn-KD CAFs at 48 h. Nucleus, DAPI, blue; F-actin, phalloidin, cyan. Bar, 25 µm. (J) Representative images of CDMs generated by control or Fn-KD CAFs. Bar, 50 µm.](JCB_201704053_Fig2){#fig2}

To study cancer cell migration on the CDMs, cells were plated either on top of the CDMs in a 2D format or allowed to invade into the matrix after an overnight incubation (3D format). In both 2D and 3D conditions, directional migration of DU145 cells was enhanced on CAF CDMs compared with NF-CDMs ([Fig. 2, D, E, and G](#fig2){ref-type="fig"}; and Videos 6 and 7). Of note, we did not observe a difference in migration speed of DU145 cells on either NF or CAF CDMs ([Fig. 2, F and H](#fig2){ref-type="fig"}). Similar to DU145 cells, JHU012 and SCC61 cells also migrated more directionally in CAF CDMs, as opposed to random migration observed in NF-generated CDMs (Fig. S2, E--G, and Video 8, for JHU012 cells; and Fig. S2, J and K, for SCC61 cells). There was no difference in migration speed of JHU012 and SCC61 cells on NF or CAF CDMs in 2D or 3D conditions (Fig. S2, H and I, for JHU012 cells; and Fig. S2, L and M, for SCC61 cells).

Because our data suggested that CAF-secreted Fn mediated migration of cancer cells in co-culture experiments, we sought to determine the role of Fn on cell migration in CDMs. Knocking down Fn in CAFs completely abrogated Fn fibrillogenesis; at 48 h, we observed a minimal number of short Fn fibers in KD cells, with most of the Fn appearing as spots ([Fig. 2 I](#fig2){ref-type="fig"}). KD of Fn in CAFs lasted ≥6 d (Fig. S1 L); therefore, we used the control and Fn-KD CAFs to generate CDMs. Although the CDM by control CAFs was abundant and exhibited aligned organization ([Fig. 2 J](#fig2){ref-type="fig"}, top), CDM assembled by Fn-KD CAFs exhibited sparse fibers and bare areas in the culture dish ([Fig. 2 J](#fig2){ref-type="fig"}, bottom). Because of the defective matrix assembly by Fn-KD CAFs, we could not test cancer cell migration on those CDMs. Nevertheless, these results emphasize the previously reported importance of Fn in matrix assembly and organization, including incorporation of other ECM proteins into the matrix ([@bib68]). Collectively, our data demonstrate that CAFs assemble an Fn-rich, highly organized matrix that promotes directional migration of both prostate cancer and HNSCC cells.

CAFs organize Fn as parallel fibers through increased traction forces and contractility {#s05}
---------------------------------------------------------------------------------------

Our data indicate that anisotropic organization of the ECM by CAFs promotes the directional migration of cancer cells, which prompted us to investigate how CAFs mediate Fn organization. Cellular traction forces and nonmuscle myosin II (MyoII)--mediated contractility are critical factors in Fn matrix assembly ([@bib47]). In addition, actomyosin contractility has been associated with matrix remodeling in 3D organotypic assays ([@bib13]). Therefore, we hypothesized that changes in mechanical force by CAFs led to alignment of Fn fibers. We first compared traction stresses generated by CAFs and NFs using traction-force microscopy and observed that CAFs exert ∼50% greater traction force on Fn compared with NFs ([Fig. 3, A and B](#fig3){ref-type="fig"}). Next, we performed collagen gel contraction assays to assess contractility of CAFs and NFs. In those assays, CAFs contracted the collagen-I gel to 40% of its original area; however, NFs contracted the gels to 58%, indicating that CAFs are significantly more contractile than NFs are (Fig. S3, A and B). Moreover, IF staining of pS19--myosin light chain 2 (MLC2) revealed that CAFs have 60% more active MyoII than NFs have ([Fig. 3, C and D](#fig3){ref-type="fig"}). However, we did not observe a difference in the total amounts of MLC2 expression between NFs and CAFs ([Fig. 3, C and E](#fig3){ref-type="fig"}). To further investigate whether MyoII-mediated contractility has a role in alignment of Fn by CAFs, we treated CAFs and NFs with 20 µM blebbistatin, a MyoII-specific inhibitor, for 48 h, and then stained them for Fn. Indeed, blebbistatin treatment disrupted the linear organization of Fn by CAFs and led to a more-random network of fibers compared with vehicle-treated control CAFs ([Fig. 3, F and G](#fig3){ref-type="fig"}). No changes were observed in matrix organization when NFs were treated with 20 µM blebbistatin (Fig. S3, C). Because actomyosin contractility is necessary for Fn fibrillogenesis, we treated CAFs with greater concentrations of blebbistatin (50 and 100 µM). Those increased blebbistatin concentrations almost completely abolished Fn fiber formation by CAFs (Fig. S3 D). We also treated CAFs with 20 µM blebbistatin during CDM generation. NHS--ester-488 staining of those matrices showed that the anisotropic fiber orientation by CAFs reverted to a NF-like CDM organization ([Fig. 3, H and I](#fig3){ref-type="fig"}). To test whether CAF CDMs generated during blebbistatin treatment affected directional cell migration, DU145 cells were plated onto those CDMs, and time-lapse microscopy was performed. DU145 cells migrated directionally on control CAF CDMs with a directionality ratio of 0.75. In contrast, CAF CDMs treated with blebbistatin did not support the directional migration of cancer cells, decreasing the directionality ratio to 0.42 ([Fig. 3 J](#fig3){ref-type="fig"}). We did not observe a significant difference in DU145 migration speed on either of the CDMs ([Fig. 3 K](#fig3){ref-type="fig"}).

![**Myosin-II-driven traction force and contractility mediate parallel Fn organization by CAFs.** (A) Representative traction force vector maps of a NF and a CAF. Warmer colors indicate areas with high traction forces. (B) Dot plot shows mean traction forces in NFs and CAFs. Line indicates the mean; error bars indicate SEM. A total of 13 NFs and 19 CAFs were analyzed in three independent experiments. \*, P \< 0.02, determined by Student's *t* test. (C) Immunostaining for pS19-MLC2 or total MLC2 in NFs and CAFs. Images are shown in pseudocolor; warmer colors indicating high intensity, whereas cooler colors indicating low intensity. (D and E) Quantification of mean fluorescent intensity of pS19-MLC2 (D) and total MLC2 (E) in NFs and CAFs, normalized to NFs. Error bars indicate SEM from three individual experiments. More than 77 cells were analyzed per condition. \*\*, P \< 0.01; n.s., not significant, as determined by Student's *t* test. (F) Fn staining of CAFs after 48 h treatment with DMSO (left) or 20 μM blebbistatin (Bleb; right). Bar, 25 µm. (G) Measurements of angles between Fn fibers in CAFs treated with DMSO or blebbistatin. More than 80 angles measured per condition from at least 12 images from three independent experiments. \*\*\*, P \< 0.001, analyzed by Mann-Whitney *U* test. (H) NHS--ester-488 staining of CAF CDMs generated during DMSO (left) or blebbistatin (right) treatment. Bar, 50 µm. (I) FFT analysis of CDM images shown in H. (J and K) Box plots showing directionality ratio (J) and migration speed (K) of DU145 cell migration on CAF CDMs generated during DMSO or blebbistatin treatment. \*\*\*, P \< 0.001; n.s., not significant, analyzed by Mann-Whitney *U* test. Greater than 50 cells per condition from three independent experiments were analyzed. The box plots range from the 25th to the 75th percentiles; the central line indicates the median, and the whiskers range from the 5th to the 95th percentiles.](JCB_201704053_Fig3){#fig3}

CAFs form larger adhesions with slower turnover rates compared to NFs {#s06}
---------------------------------------------------------------------

Adhesions are attachment points in cells that link the actin cytoskeleton and transmit MyoII-mediated mechanical force to the ECM ([@bib12]). The adhesion protein vinculin is mechanosensitive, and the increased size of the vinculin-containing adhesions has been correlated with increased mechanical force ([@bib27]; [@bib32]). Because we observed significant changes in the traction forces and contractility of CAFs, we investigated the size and number of vinculin-positive adhesions in CAFs and NFs. CAFs displayed significantly larger adhesions, relative to NFs ([Fig. 4, A and B](#fig4){ref-type="fig"}). Moreover, vinculin adhesions were more abundant in CAFs than they were in NFs ([Fig. 4 C](#fig4){ref-type="fig"}).

![**CAFs form larger adhesions that turn over more slowly than NFs do.** (A) IF staining of vinculin (green) and actin (red) in NFs and CAFs. White boxes indicate selected areas of interest in the zoom boxes. Bars: (original images) 25 µm; (zoomed images) 5 µm. (B and C) Box plots show mean adhesion size (μm^2^; B) and adhesion number (C) in NFs and CAFs. More than 600 adhesions (B) and than 50 cells (C) per condition were analyzed from three independent experiments. \*\*\*, P \< 0.001, determined by Mann Whitney *U* test. (D) Time-lapse images show adhesion assembly and disassembly. NFs and CAFs were transfected with vinculin--GFP (pseudo-colored in gold; white arrowheads, adhesion assembly; blue arrows, adhesion disassembly; Videos 9 and 10). Bar, 10 µm. (E and F) Quantification of the apparent *t*~1/2~ of adhesion assembly (E) and disassembly (F) for NFs and CAFs. 50--60 adhesions were analyzed per condition from four independent experiments. \*\*\*, P \< 0.001, determined by Mann Whitney *U* test. All box plots range from the 25th to the 75th percentiles; the central line indicates the median, and the whiskers range from the 5th to the 95th percentiles.](JCB_201704053_Fig4){#fig4}

Larger adhesions in CAFs could be a result of altered adhesion dynamics in those cells. Therefore, we assessed adhesion turnover in CAFs and NFs by live-cell imaging. Vinculin-GFP--transfected fibroblasts were plated onto Fn-coated, glass-bottom dishes and imaged for 20 min using total internal reflection fluorescence (TIRF) microscopy. Analysis of individual adhesions revealed that CAFs assemble and disassemble adhesions at approximately one-half the speed of NFs ([Fig. 4, D--F](#fig4){ref-type="fig"}; and Videos 9 and 10).

Increased α5β1 integrin activity in CAFs transduce mechanical forces to Fn, leading to its alignment {#s07}
----------------------------------------------------------------------------------------------------

α5β1 Integrin is the major Fn-binding integrin responsible for Fn matrix assembly in fibroblasts. To test whether changes in Fn organization by CAFs might be mediated by α5β1 activity, we assessed active and total α5 integrin levels in CAFs and NFs. IF analysis of active α5 integrin, using the SNAKA51 antibody, which recognizes the active form of α5 integrin in fibrillar adhesions ([@bib16]), revealed that CAFs display an ∼30% increase in active α5 integrin relative to NFs ([Fig. 5, A and B](#fig5){ref-type="fig"}). However, no difference was observed in the mean fluorescent intensities of total α5 integrin staining between CAFs and NFs ([Fig. 4, A and C](#fig4){ref-type="fig"}). Western blot (WB) analysis of α5 integrin protein levels also did not show a difference between CAFs and NFs (Fig. S4, A and B). Assessment of active and total β1 integrin levels similarly showed a higher level of active β1 integrin in CAFs compared with NFs without a change in total β1 levels (Fig. S4, C--F).

![**α5β1 integrin in CAFs transduce mechanical forces to Fn.** (A) IF staining of NFs and CAFs for active α5 integrin (green, left) and total α5 integrin (red, middle). Bar, 20 µm. Zoomed images have been pseudocolored to show differences in fluorescence intensity, with warmer colors indicating higher intensity. Bar, 5 µm. (B and C) Quantification of mean fluorescent intensity of active (B) and total (C) α5 integrin. 80--95 cells per condition from five independent experiments were analyzed. Error bars indicate SEM for five experiments. \*\*\*, P \< 0.001; n.s., not significant as determined by Student's *t* test. (D) Representative traction-force vector maps of CAFs treated with 5 µg/ml control IgG (left) or α5 integrin function blocking antibody JBS5 (right). Warmer colors indicate areas with high traction forces. (E) The dot plot shows mean traction forces in control and JBS5-treated CAFs. Line indicates mean; error bars indicate SEM. 22 control CAFs and 25 JBS5-treated CAFs were analyzed in four independent experiments. \*\*\*, P \< 0.001 as determined by Mann Whitney *U* test. (F) Fn staining of CAFs after 48 h treatment with 5 µg/ml control IgG or α5 integrin function-blocking antibody P1D6. Bar, 20 µm. (G) Measurements of angles between Fn fibers in CAFs treated with IgG or JBS5. Greater than160 angles measured per condition from ≥16 images from three independent experiments. \*\*\*, P \< 0.001 as determined by Mann-Whitney *U* test. (H) NHS--ester-488 staining of CAF CDMs generated during 10 μM RGE or RGD treatment. Bar, 50 µm. (I) FFT analysis of CAF CDMs shown in [Fig. 4 H](#fig4){ref-type="fig"}.](JCB_201704053_Fig5){#fig5}

Mechanical force can lead to activation of integrins, and integrins act as transducers of the force generated within the cell to the ECM ([@bib61]). Because we observed that CAFs exert higher traction stresses on Fn, we tested whether that force was transmitted via α5β1 integrin to the Fn. CAFs were plated on Fn-coated polyacrylamide (PAA) gels and treated with 5 µg/ml of either anti--integrin α5 function-blocking antibody (clone JBS5) or control IgG and subjected to traction force microscopy. Treatment with JBS5 led to a significant decrease in the mean traction forces of the CAFs, which was similar to the mean traction forces observed with NFs ([Fig. 5, D and E](#fig5){ref-type="fig"}), indicating that α5β1 integrin has a central role in force transmission to Fn in CAFs. We then tested whether blocking α5β1 integrin affects Fn organization by CAFs. A synthetic arginine-glycine-aspartic acid (RGD) peptide was used at 10 µM concentration to block α5β1 integrin in CAFs during matrix formation, and an equal concentration of the arginine-glycine-glutamic acid (RGE) peptide was used as a control because of its decreased affinity for integrins. RGE peptide--treated CAFs displayed aligned Fn fiber organization; however, treatment with the RGD peptide disrupted fiber assembly and alignment by CAFs, resulting in a more NF-like fiber organization, which was quantified by measuring the angles among Fn fibers (Fig. S4, G and H). Notably, the RGD peptide not only blocks α5β1 integrin but also affects other integrins that bind to the RGD sequence. Thus, we also evaluated the Fn matrix organization during treatment of the CAFs with an anti--α5 integrin blocking antibody (clone P1D6) or control IgG. Control IgG-treated CAFs aligned Fn fibers, similar to our previous observations, whereas treatment with 5 µg/ml of P1D6 antibody perturbed the fiber assembly and alignment, resulting in fewer fibers that were randomly organized ([Fig. 5, F and G](#fig5){ref-type="fig"}).

Next, we investigated whether changes in Fn organization by RGD treatment of CAFs affected cancer cell migration by treating the CAFs with RGD or RGE peptides during CDM generation. RGD treatment of CAFs resulted in CDMs with a meshwork-like fiber organization in the CDMs, compared with anisotropic fiber orientation in control CDMs generated by RGE-treated CAFs ([Fig. 5, H and I](#fig5){ref-type="fig"}). DU145 cells were plated onto those CDMs and subjected to time-lapse microscopy. DU145 cells exhibited enhanced directional migration on control CAF CDMs; however, the directionality ratio was significantly reduced on CAF CDMs that were generated during RGD treatment (Fig. S4 I). Interestingly, we observed a slight, but discernible, increase in the migration speed of DU145 cells on RGD-treated CAF CDMs in comparison to the control (Fig. S4 J).

Aligned matrix organization by CAFs is mediated by PDGFRα {#s08}
---------------------------------------------------------

Fn--α5β1 integrin binding has been shown to activate PDGFRα in mesenchymal stem cells ([@bib74]). Furthermore, PDGFRα has been associated with connective tissue remodeling by fibroblasts ([@bib35]), and overexpression of PDGFRs in tumor stroma is correlated with poor prognosis in several types of cancer ([@bib33]). To dissect the role of PDGFRα in CAF-mediated ECM organization, we studied PDGFRα expression and function in prostate CAFs and NFs. IF staining and WB analysis both showed that CAFs express approximately threefold more PDGFRα compared with NFs ([Fig. 6, A--D](#fig6){ref-type="fig"}). In addition, CAFs exhibited a 60% increase in PDGFRα activity, as assessed by tyrosine-762 phosphorylation, upon stimulation with growth medium containing serum (an abundant source of PDGFs; [Fig. 6, E and F](#fig6){ref-type="fig"}).

![**Aligned matrix organization by CAFs is mediated by PDGFRα.** (A) IF staining of PDGFRα in NFs and CAFs. Images are shown pseudocolor, with warmer colors indicating high intensity, and cooler colors indicating low intensity. Bar, 25 µm. (B) Quantification of mean fluorescent intensity of PDGFRα. More than 60 cells per condition from three independent experiments were analyzed. Error bars indicate SEM for three experiments. \*\*, P \< 0.01 as determined by Student's *t* test. (C and E) WB analysis of PDGFRα (C) and pY762-PDGFRα (E) in NFs and CAFs. β-actin was used as a loading control. (D and F) Quantification of PDGFRα (D) and pY762-PDGFRα (E) mean intensity in NFs and CAFs, normalized to β-actin. Error bars represent the SEM from three independent experiments. \*, P \< 0.05 as determined by Student's *t* test. (G) Collagen gel contraction of CAFs treated with either 10 µg/ml of control (Ctrl) antibody or PDGFRα neutralizing antibody (AF-307). Dashed lines circle the gels after 24 h treatment. (H) Quantification of collagen gel contraction at 24 h. Three gels from three independent experiments were analyzed. Error bars indicate SEM for three experiments. \*, P \< 0.05 as determined by Student's *t* test. (I) Representative traction-force vector maps of CAFs treated with 10 µg/ml control IgG (left) or AF307 (right). Warmer colors indicate areas with high traction forces. (J) Scatter dot plot shows mean traction forces in control and AF307-treated CAFs. Line indicates means, whereas error bars indicate SEM. 17 control CAFs and 21 AF307-treated CAFs were analyzed in three independent experiments. \*\*\*, P \< 0.001 as determined by Mann Whitney *U* test. (K) Fn staining of CAFs after 48 h treatment with 10 µg/ml control IgG or AF307. Bar, 25 µm. (L) Measurements of angles between Fn fibers in CAFs treated with control IgG or AF307. Greater than100 angles measured per condition from ≥12 images from three independent experiments. \*\*\*, P \< 0.001 as analyzed by Mann-Whitney *U* test. The box plots range from the 25th to the 75th percentiles; the central line indicates the median, and the whiskers range from the 5th to the 95th percentiles. (M) Active α5 integrin staining of CAFs after 48 h treatment with 10 µg/ml control IgG or AF307. Bar, 25 µm. (N) Quantification of mean fluorescent intensity of active α5 integrin in control IgG or AF307-treated CAFs. Greater than 70 cells per condition were analyzed in three independent experiments. \*, P \< 0.05 as determined by Student's *t* test.](JCB_201704053_Fig6){#fig6}

To determine whether up-regulated PDGFRα expression and activity in CAFs affected contractility, we performed collagen-gel contraction assays. Blocking PDGFRα activity with a neutralizing antibody, AF307, significantly reduced the contractility of CAFs ([Fig. 6, G and H](#fig6){ref-type="fig"}). Furthermore, we found that inhibiting PDGFRα in CAFs decreased the traction forces applied to Fn ([Fig. 6, I and J](#fig6){ref-type="fig"}). Likewise, addition of PDGFRα blocking antibody, AF307 significantly changed the matrix organization by CAFs, from aligned fibers to a more-random organization ([Fig. 6, K and L](#fig6){ref-type="fig"}). Because previous studies have reported that α5β1 integrin and PDGFRs can crosstalk on the cell membrane and modulate each other's activity ([@bib22]; [@bib80]), we also tested whether PDGFRα has a similar function in our system. Indeed, we observed a decrease in active α5β1 levels when CAFs were treated with AF307 ([Fig. 6, M and N](#fig6){ref-type="fig"}). These data suggest that PDGFRα collaborates with α5β1 integrin to promote cellular contractility and to organize the ECM.

Fn fibers are aligned at sites of invasion in human prostate cancer tissues {#s09}
---------------------------------------------------------------------------

To determine whether Fn alignment in vivo is regulated differently by CAFs and NFs, we examined Fn in four prostate cancer cases ([Fig. 7](#fig7){ref-type="fig"} and Fig. S5, A--I), comparing regions of normal adjacent prostate tissue to regions of invasive carcinoma. Regions of normal adjacent prostate tissue contained low levels of Fn ([Fig. 7, A--C](#fig7){ref-type="fig"}). In regions of benign prostatic hyperplasia, Fn was more abundant than in normal prostate but was largely disorganized (Fig. S5, A--C). However, in regions of invasion, Fn was present at high levels and formed well-organized, parallel fibers contacting many invading cancer cells ([Fig. 7, D--I](#fig7){ref-type="fig"}; and Fig. S5, D--I). By double IF, α smooth muscle actin--positive (αSMA^+^) fibroblasts adjacent to normal prostatic epithelium (NFs) were surrounded by disorganized Fn ([Fig. 7 J](#fig7){ref-type="fig"}), whereas αSMA^+^ fibroblasts around cancer cells (CAFs) were surrounded by well-organized, linear Fn fascicles ([Fig. 7, K and L](#fig7){ref-type="fig"}). Within the tumor, expansive regions of confluent epithelial growth with minimal stroma exhibited little to no Fn (not depicted), supporting the idea that Fn fibers are produced by surrounding CAFs. Consistent with the prostate cancer results, pancreatic cancer samples showed a similar rearrangement of Fn around benign and malignant lesions. Fn was largely disorganized surrounding acinar-to-ductal metaplasia and pancreatic intraepithelial neoplasm (benign precursor) areas within pancreatic ductal adenocarcinoma (PDAC) samples (Fig. S5, J and K). However, invading clusters of cancer cells were arranged in parallel with numerous, well-organized Fn fibers in PDAC (Fig. S5, L and M).

![**Fn structure differs around normal versus malignant prostate epithelium.** (A--C) A minimal staining for Fn (brown) is observed around healthy (normal) prostate epithelium adjacent to cancer. Cells were counterstained with hematoxylin (blue). (D--I) Fn forms long parallel fascicles in invasive regions of two different cancer cases (D--F and G--I). E is an enlargement of D, and F is an enlargement of E. Similarly, H is an enlargement of G, and I is and enlargement of H. (D--I) Arrows indicate invading tumor cells. (J--L) Immunofluorescent labeling of αSMA (green; left), Fn (red; middle), and nuclear counterstain with DAPI (blue; right) indicate that myofibroblasts surround both benign (J) and malignant prostate (K and L) epithelium but only form long, parallel Fn fascicles around invading cells. Bars: (J--L, αSMA, Fibronectin, DAPI, and Overlay) 50 µm; (J--L, Zoom) 25 µm.](JCB_201704053_Fig7){#fig7}

Prostate cancer cells use αv integrin to migrate on CAF CDMs {#s10}
------------------------------------------------------------

Our data show that the alignment of matrix fibers by CAFs promotes directional cancer cell migration. Interestingly, a recent study identified integrins αvβ6 and α9β1 as responsible for efficient and directional cell migration on HNSCC CAF CDMs ([@bib31]). Therefore, we tested integrins known to be expressed by prostate cancer cells to determine which class of integrins is responsible for directional cancer cell migration on prostatic CAF CDMs. The expression of α5 and αv integrins are deregulated in prostate cancers and changes in their expression and activity have been linked to cancer cell migration and invasion ([@bib71]). Therefore, we assessed DU145 cell migration in 2D cell migration assays on CAF CDMs using respective α5 and αv function blocking antibodies JBS5 and 17E6. When α5 integrin was blocked, DU145 cells migrated with decreased directionality but increased migration speed compared with control IgG--treated cells ([Fig. 8, A--C](#fig8){ref-type="fig"}). In contrast, when αv integrins were inhibited, both migration directionality and speed was significantly impaired compared with control cells ([Fig. 8, A--C](#fig8){ref-type="fig"}). These results suggest that αv integrin mediates both directional and efficient cell migration on CAF CDMs.

![**αv integrins are critical for cancer cell migration on CAF CDMs.** (A and B) Quantifications of migration directionality (A) and speed (B) of DU145 cells on CAF CDMs when treated with control IgG, α5 integrin function-blocking antibody JBS5, or αv function-blocking antibody 17E6. Greater than 80 cells per condition were analyzed in four independent experiments. \*\*\*, P \< 0.001 as determined by one-way ANOVA and Tukey's post hoc test. (A and B) The box plots range from the 25th to the 75th percentile, the middle line indicates the median, and the whiskers range from the 5th to the 95th percentile. (C) Rose plots showing migration trajectories of 14 representative cells treated with control IgG, JBS5, or 17E6 antibodies. (D) Proposed model of CAF-mediated, directional cancer cell migration. The healthy (normal) fibroblastic matrix resembles a random meshwork of fibers that do not induce migration directionality. However, CAFs organize the Fn matrix into aligned fibers through increased MyoII, α5β1 integrin, and PDGFRα-mediated contractility and traction forces. Anisotropic organization of matrix fibers by CAFs promotes directional migration of cancer cells.](JCB_201704053_Fig8){#fig8}

Discussion {#s11}
==========

Evidence has accumulated to show that changes in the tumor microenvironment support cancer progression ([@bib51]). CAFs are a key component of the tumor microenvironment with tumor-supportive roles ([@bib50]). Cancer cell migration and invasion are critical initial steps in metastasis; however, the mechanisms by which tumor--stroma interactions regulate those processes are not well understood. In this study, we identified a new mechanism by which CAFs promote cancer cell migration ([Fig. 8 D](#fig8){ref-type="fig"}). Using a co-culture system, we demonstrated that cancer cells associate with primary human prostate CAFs and migrate directionally along them. We provided evidence that CAF--cancer cell association is promoted by the Fn fibrils assembled by CAFs, and cancer cells pull on the CAF-assembled Fn to migrate along CAFs. Furthermore, we show that the CAF--cancer cell association is blocked when Fn is knocked down in CAFs. Interestingly, prostate CAFs were also able to promote an increased association with HNSCC cells and induce their directional migration. This finding suggests a ubiquitous mechanism by which CAFs from different tumor microenvironments can modulate cancer cell migration, which was not, to our knowledge, previously known.

In addition to its influence on CAF--cancer cell association, we show that Fn is critical for ECM synthesis and organization by CAFs. Fn is a major component of the CDMs generated by CAFs and NFs and knocking down Fn expression in CAFs completely disrupts ECM synthesis and organization. Moreover, CAFs organize Fn into parallel fibers, whereas the Fn matrix assembled by NFs resembles a mesh. ECM architecture can guide directional migration of cells through physical cues because migrating cells use the ECM as attachment points during migration ([@bib56]). CAF-mediated parallel organization of CAF CDMs promotes directional migration of both prostate cancer and HNSCC cells, where cell migration is in the same direction as the orientation of the fibers. In clinical prostate carcinoma samples, we observed aligned Fn fibers at the sites of invasion, which were adjacent to invading cancer cells. Interestingly, parallel-organized Fn was also present in PDACs, indicating that alignment of Fn fibers is a clinical feature of both carcinomas and may contribute to cancer cell dissemination.

Although overexpression of Fn and its EDA isoform was reported to be a feature of CAFs more than a decade ago ([@bib42]), the effect of changes in the Fn matrix on cancer cell migration are just now emerging. A recent article by [@bib31] studied the CAF matrisome and identified Fn--EDA as a marker of poor survival in patients with HNSCC. Interestingly, this study reports directional migration of HNSCC cells on CAF CDMs, in a collective manner. We did not observe collective cell migration of either prostate cancer or HNSCC cells on CAF CDMs; however, this could be a result of differences in epithelial properties of the cancer cell lines that were selected or differences in cell density between the two studies. Nevertheless, both studies identify Fn as a critical component of CAF CDMs that regulates directional cell migration.

A few studies have identified factors that can lead to ECM alignment, including the serine proteinase fibroblast activation protein ([@bib46]), and the transcription factors Snail1 and Twist1, which may act downstream of TGF-β to induce the CAF phenotype ([@bib70]; [@bib28]). However, the mechanism by which CAFs organize the ECM remains largely unclear. Here, we demonstrated that mechanical force is an important factor that enables CAFs to generate an aligned ECM. MyoII-mediated contractility is a prominent feature of CAFs ([@bib13]). We found that prostate CAFs have elevated MyoII activity, are highly contractile, and apply high-traction stresses on Fn. Remarkably, treatment with low doses of MyoII inhibitor perturbed the aligned Fn organization by CAFs, giving rise to a more-random network of fibers similar to that assembled by NFs. Because DU145 cells did not migrate directionally when plated onto CAF CDMs generated during blebbistatin treatment, these results suggest that matrix organization is a major driver of cancer cell migration directionality and is mediated by MyoII-driven contractility and high traction force generated by CAFs.

α5β1 integrin has a major role in Fn fibrillogenesis and can be activated by mechanical force from within the cell, through actomyosin contractility ([@bib25]). Consistent with previous studies identifying α5β1 integrin as a mechanotransducer ([@bib65]; [@bib59]), we found that high traction forces produced by CAFs were transduced by α5β1 integrin to Fn. Although there were no differences in the expression of α5 and β1 integrin subunits between CAFs and NFs, we found increased activation of α5 and β1 integrins in CAFs in comparison to NFs. The increased Fn expression and contractility of CAFs explain the enhancement observed in α5β1 integrin activation ([@bib48]). The overexpression and activation of PDGFRα may also enhance α5β1 integrin activity, as indicated by our blocking-antibody results. Because many signals converge on integrins to induce inside--out signaling, it seems likely that there are additional mechanisms that could lead to enhanced activation of α5β1 integrin in CAFs, such as any deregulations in the cell metabolism sensor AMP-activated protein kinase, which was recently reported to be a negative regulator of β1 integrin activity and Fn fibrillogenesis in fibroblasts ([@bib29]) or deregulation of the integrin inhibitor Sharpin protein, which was shown to control collagen remodeling and traction forces ([@bib57]). Other integrins can also contribute to changes in CDM organization, including αvβ5, as recently reported by [@bib24].

As part of the mechanism by which CAFs promote ECM organization, we found that prostate CAFs overexpress PDGFRα and exhibit increased Y762 phosphorylation. Inhibition of PDGFRα significantly abrogated collagen gel contraction and traction stresses generated by CAFs, as well as α5β1 integrin activity and Fn organization. These data are consistent with previous demonstrations of cross talk between α5β1 integrin and PDGFRα in mesenchymal stem cells ([@bib74]). Interestingly, α5β1 integrin and PDGFRs have been shown to be in complex with tissue transglutaminase, which modulates the activity of both receptors, and potentially converges and amplifies their downstream signaling ([@bib1]; [@bib80]). However, it is also possible that PDGFRα signaling can activate contractility directly, which would lead to indirect activation of α5β1 integrin. For example, PDGFRα signaling can activate RhoA--ROCK pathway in mesenchymal stem cells, leading to increased polymerization of αSMA in actin filaments ([@bib8]), which is also a characteristic feature of CAFs. Therefore, integrin α5β1 and PDGFRα signaling may converge on activation of RhoA-mediated contractility ([@bib19]). PDGFR signaling is a promising target in many cancers ([@bib33]); thus, understanding the regulation of CAFs and stromal ECM by PDGFRs may provide valuable information for targeting the tumor stroma in carcinomas.

In response to the profound changes in the tumor microenvironment, cancer cells express and activate different integrins to regulate processes, such as cell attachment and migration. [@bib31] reported that HNSCC cells up-regulate α5β1, αvβ5, and αvβ6 integrins when cultured on Fn-EDA--rich CAF CDMs. They further identified that the collective migration of HNSCC cells on CAF CDMs was mediated by αvβ6 and Fn-EDA--binding α9β1 integrins ([@bib31]). These findings prompted us to investigate the integrins involved in directional migration of prostate cancer cells on CAF CDMs. Similar to [@bib31], we found that blocking α5β1 integrin in prostate cancer cells induced faster migration with decreased directionality, and blocking αv integrin activity decreased both directionality and speed. These results suggest that α5β1 integrins may be responsible for forming stronger attachments to matrix, as previously reported ([@bib58]), whereas αv integrins are critical for cell migration. Aberrant expression of RGD-binding integrins α5 and αv have been reported in prostate cancers and are being explored as potential targets for therapy ([@bib30]; [@bib71]). [@bib31] also showed that EDA-binding integrin α9β1 regulates cell migration on CAF CDMs. Although, CAFs in our study also express high levels of EDA-Fn (Fig. S1, J and K), we did not find any studies that report α9 integrin expression in prostate cancers. ITGA9 expression was not detected in 11 prostate cancer tissues examined in the Human Protein Atlas; therefore, we did not study that integrin. Other EDA-binding integrins, α4β1 and α4β7, were also not investigated because there are multiple studies showing that α4 integrin is not expressed in prostate cancer and DU145 cells ([@bib60]; [@bib10]; [@bib15]). Collectively, our results indicate differing roles for integrins in CAFs and cancer cells in mediating matrix assembly and cell migration, thus, highlighting the complexity of integrin signaling in tumors.

In summary, our study shows that CAFs organize the Fn matrix through increased contractility and traction forces, which are mediated by MyoII, α5β1 integrin, and PDGFRα. This matrix organization leads cancer cells to migrate directionally using αv integrins ([Fig. 8 D](#fig8){ref-type="fig"}). Alignment of the Fn fibers is a prominent feature of both prostatic and pancreatic cancer stromata both in vivo and in vitro and is likely to guide the invasion of cancer cells. Surprisingly, our data suggest that CAFs in the tumor microenvironment are not tissue type specific in their ability to regulate cancer cell migration. For example, CAFs from prostate can regulate the migration of HNSCC cells. This indicates a commonly used mechanism for modulating the migration of cancer cells, which has far reaching implications in the development of tumor metastases. Furthermore, biochemical targeting of this pathway could prove beneficial in limiting stromal support during the metastasis of cancer cells.

Materials and methods {#s12}
=====================

Antibodies and reagents {#s13}
-----------------------

Primary antibodies were diluted 1:300 for IF, unless otherwise noted. The primary antibodies used were as follows: mouse anti--Fn (610077, diluted 1:300 for IF, 1:1,000 for WB; BD), rabbit anti-Fn (clone F14, 1:1,000 for immunohistochemistry and 1:100 for IF; BioGenex), mouse anti--integrin α5 (clone SNAKA51; MilliporeSigma), rabbit anti--integrin α5 (1:750 for IF; MilliporeSigma; AB1949), mouse anti--integrin α5 (clone 6F4, 1:1,000 for WB; was a gift from R. Horwitz, Allen Institute for Cell Science, Seattle, WA), mouse anti--integrin β1 (clone 12G10; Abcam), rabbit anti--integrin β1 (1:1,000 for WB; AB1952; MilliporeSigma), rabbit anti--MLC2 (3672S; Cell Signaling Technology), rabbit anti--phospho-S19-MLC2 (3671S; Cell Signaling Technology), rabbit anti--PDGFRα (clone D1E1E; Cell Signaling Technology), rabbit anti--p-PDGFRα-Y762 (clone D9B1N; 1:300 for WB; Cell Signaling Technology), mouse anti-vinculin (clone hVIN-1; 1:1,000 for IF; Sigma-Aldrich), mouse anti--E-cadherin (clone 36; BD), mouse anti--N-cadherin (clone 8C11; Santa Cruz Biotechnology, Inc.), mouse anti--α tubulin (clone DM1A, 1:5,000 for WB; Sigma-Aldrich), and mouse anti--β-actin (clone AC15; 1:5,000 for WB; Sigma-Aldrich; or clone 1A4, 1:1,000 for tissue IF; BioGenex). For function-blocking experiments, mouse anti--integrin α5 (clone JBS5; MilliporeSigma), mouse anti--integrin α5 (clone P1D6; MilliporeSigma), mouse anti--integrin αv (clone 272-17E6; Abcam), and goat anti--PDGFRα (clone AF307; R&D Systems) were used. Mouse IgG (0107-01) and rabbit IgG (0111-01) were purchased from SouthernBiotech and were used as controls in function-blocking experiments. For IF staining, Alexa Fluor 488 goat anti--mouse, Alexa Fluor 488 donkey anti--rabbit, Alexa Fluor 488 goat anti--mouse IgG1, Alexa Fluor 555 goat anti--rabbit, and Alexa Fluor 555 goat anti--mouse IgG2a secondary antibodies were used at 1:600 dilution (Thermo Fisher Scientific). For WB, Alexa Fluor 680 donkey anti--mouse, Alexa Fluor 680 goat anti--rabbit (Thermo Fisher Scientific), IRDye800 donkey anti--mouse (Rockland Immunochemicals) and anti--rabbit HRP-conjugated IgG (Promega) secondary antibodies were used. siGENOME siRNA SMARTpool for FN1 (M-009853-01-005) and nontargeting control (D-001206-14-05) were ordered from Dharmacon (Horizon Discovery) and 50 nM of either siRNA pool was transfected into CAFs using DharmaFECT 1 transfection reagent (Horizon Discovery), following the manufacturers' protocols. Cells were kept in Fn-depleted medium, which was prepared using gelatin--agarose beads (G5384; MilliporeSigma). Fn (F2006) and fluorescein isothiocyanate isomer (F7250) were purchased from MilliporeSigma. RGD and RGE peptides were purchased from Bachem. Rat tail type I collagen was purchased from BD. Blebbistatin was purchased from MilliporeSigma. GFP--vinculin plasmid was a gift from S. Craig (Johns Hopkins University School of Medicine, Baltimore, MD).

Fibroblast isolation and cell maintenance {#s14}
-----------------------------------------

Human prostatic CAFs were isolated from prostate cancers and NFs were from benign prostate hyperplasia tissues. Fibroblasts were isolated from six separate patients' tissue samples (three patients with prostate cancer and three patients with benign prostate hyperplasia). CAFs and NFs were prepared as previously described ([@bib52]). Cells were verified using a tissue-recombination bioassay to confirm that CAFs induced tumor formation from BPH1 cells and that NFs did not elicit tumorigenesis. CAFs and NFs were used between passages four and eight to ensure proper function in ECM production and communication with cancer cells.

Prostatic cancer DU145 cells and fibroblasts were maintained in RPMI 1640 with 10% FBS and penicillin--streptomycin, as described previously ([@bib3]). Human head and neck cancer cells SCC61 and JHU012 were maintained in DMEM/F12 (Thermo Fisher Scientific), supplemented with 10% FBS and penicillin--streptomycin ([@bib4]).

Fabrication of two-channel co-culture devices {#s15}
---------------------------------------------

The co-culture microfluidic device was prepared using standard soft-lithography techniques, as previously described ([@bib77]; [@bib39]). First, a master mold was fabricated using photolithography, patterning a layer of photoresist SU8 by UV exposure through a 20,000-dots per inch photomask. Second, polydimethylsiloxane (PDMS; Ellsworth Adhesives) prepolymer was mixed with a curing agent at a mass ratio of 10:1 and then poured over the mold. After degassing for 30 min and curing in a 70°C oven for 2 h, the PDMS was fully polymerized. The resulting PDMS component was then cut and removed from the mold. Inlet and outlet holes were punched through the PDMS layer using a 3.5-mm-diam punch. Third, the PDMS layer was bonded to a 100-µm-thick glass coverslip (No. 1; VWR VistaVision, VWR International) after both components were exposed to oxygen plasma. Fourth, Pyrex cloning cylinders of 8 mm diam and 8 mm tall (Thermo Fisher Scientific) were attached to the inlet and outlet holes using uncured, liquid PDMS for loading and removing cells and medium. Fifth, the liquid PDMS "glues" were subsequently allowed to cure at 70°C for 2 h. Sterilized water was loaded into the device to keep the walls of the microfluidic channels hydrophilic. Sixth, the assembled device was sterilized under UV light for 1 h.

Microscopy {#s16}
----------

A WaveFX spinning disk confocal system (Quorum Technologies) equipped with an Eclipse Ti microscope (Nikon) and an ImagEM-CCD camera (Hamamatsu Photonics) was used for imaging the IF-stained coverslips and for recording cell migration when multiple channel acquisition was required. A Plan Fluor 40× objective (NA 1.3) was used for imaging the IF-stained coverslips. A Nikon 10× Ph1 ADL objective (NA 0.25) and a Plan Fluor 20× objective (NA 0.75) were used to image cell migration. DAPI, Alexa Fluor 488, Alexa Fluor 555, and acti-stain 670 were excited by laser at 405, 491, 561, and 642 nm, respectively (Semrock). Emission filters for those fluorophores were 460/50, 525/50, 593/40 or 620/60, and 700/75, respectively (Semrock). Images were acquired and analyzed with MetaMorph software (Molecular Devices).

TIRF microscopy and cell migration movies in phase contrast were performed using an inverted IX71 microscope (Olympus) with a Retiga EXi CCD camera (QImaging). An Olympus UPlanFl N 10× objective (NA 0.30) was used for cell-migration assays. TIRF images were taken with an Olympus PlanApo 60× oTIRFM objective (NA 1.45) and a 488-nm laser line from a HeNe laser (Prairie Technologies). MetaMorph software was used for image acquisition and analysis.

Co-culture in microfluidic devices {#s17}
----------------------------------

Microfluidic devices were incubated with culture medium at 37°C and subconfluent fibroblasts and cancer cells were labeled with CellTracker Green or CellTracker Red (C2925 and C34552; Thermo Fisher Scientific), respectively. After a gentle, but thorough, wash, cells were detached and mixed at 1:1 ratio in RPMI-1640 complete growth medium. A total of 10^4^ cells, suspended in 20 µl medium, were loaded into each inlet reservoir of a microfluidic cell-culture chamber. The cell density was kept low to be able to observe interactions among individual cells. After incubating for ∼2 h at 37°C to allow cells to attach, 200--300 µl of RPMI-1640 full-growth medium was added to the inlet reservoir, and cells were incubated overnight. The next day, the cell culture medium was replaced with phenol-red--free RPMI 1640, supplemented with 5% FBS and 50 mM Hepes, and time-lapse imaging was performed at 37°C in a temperature-controlled chamber (Live Cell Instrument). Areas of interest were chosen where a fibroblast--cancer cell pair could be identified, and their movement with regard to each other was analyzed. Images were taken every 10 min for 12 h using the spinning disk confocal system described in the Microscopy section. To visualize Fn in co-culture experiments, 5 µg/ml FITC--Fn was added to the culture medium. For those experiments, CAFs and DU145 cells were mixed in 1:1 ratio to yield a total of 4 × 10^4^ cells, which were seeded to a 35-mm, glass-bottomed dish and incubated overnight. During that incubation, CAFs incorporated FITC--Fn as they assembled Fn fibers, which enabled us to visualize the Fn matrix. The next day, the cells were imaged using the 40× objective in the spinning disk confocal system. Images were taken every 30 s for 1 h. Cell migration association index was determined by calculating the angle (σ) between the axis of migrating cancer cells and fibroblasts. The association index was defined as the cosine of the angle σ; an index of 0 indicated perpendicular migration of cells in relation to each other, whereas an index of 1 signifies cells migrating parallel to each other. The migration directionality ratio was calculated by dividing the net distance (*D*) by the actual path length traveled by the cell (*T*).

Preparation of an FITC-labeled Fn {#s18}
---------------------------------

Fn was diluted to 0.5 mg/ml in borate buffer (170 mM Na~2~B~4~O~7~, pH 9.3, and 40 mM NaCl) and 6 mg FITC was dissolved in 200 ml borate buffer. 1 ml of 0.5 mg/ml Fn solution was loaded to a dialysis cassette and placed in the FITC-containing borate buffer and dialyzed at RT for 1.5 h in the dark. Next, the Fn cassette was dialyzed extensively against 1× PBS, pH 7.4, for 2 d, changing the PBS buffer four to five times. Protein concentration was determined using the following formula: *FITC-protein* (mg/ml) = \[OD~280~ − (0.36 × OD~493~)\]/1.4. Fn was then dialyzed against 50% glycerol and stored at −20°C.

Generation of 3D CDMs and migration assays {#s19}
------------------------------------------

3D CDMs were generated as previously described ([@bib11]). In brief, 35-mm-diam, glass-bottom dishes or 6-well plates were coated with a 0.2% (wt/vol) gelatin solution for 1 h at 37°C. The gelatin-coated dishes were treated with 1% (vol/vol) glutaraldehyde in PBS for 30 min, followed by a 30-min treatment of 1M ethanolamine at RT. The dishes were then washed extensively using PBS. NFs or CAFs were plated on dishes as a confluent layer, and they were cultured for 8 d in complete growth medium (RPMI-1640 with 10% FBS and penicillin--streptomycin). For CDM generation with CAFs transfected with Fn siRNA, an RPMI-1640 medium with 10% Fn-depleted FBS and antibiotics was used. In all experiments, the cell culture medium was replenished and supplemented with freshly prepared 50 µg/ml of ascorbic acid on alternate days. On d 8, cells were rinsed with PBS, then extracted from the matrix using an alkaline detergent (0.5% \[vol/vol\] Triton X-100 and 20 mM NH~4~OH in PBS), leaving the 3D matrix intact and attached to the culture dish.

To visualize the matrix, the CDMs were labeled using 2 µg/ml NHS-ester Alexa Fluor 488 dye (A20000; Thermo Fisher Scientific), which was dissolved in 50 mM sodium bicarbonate buffer, pH 9, by incubation for 15 min in the dark. The matrices were washed with PBS and treated with 200 mM Tris buffer ,pH 7.5, for 10 min to deactivate the NHS esters. The labeled 3D CDMs were blocked with 1% BSA solution and stored at 4°C until ready to use. This protocol was provided by A. Doyle (National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, MD).

For the cell-migration assays with the CDMs, cancer cells were labeled with CellTracker Red CMTPX dye (C34552; Thermo Fisher Scientific), following the manufacturer's protocol. For 2D migration assays, cells were plated 2 h before imaging. For 3D migration assays, cells were plated 24 h before imaging to allow for invasion of the cells into the 3D matrix. The cells were maintained in phenol red-free RPMI-1640 medium supplemented with 5% FBS and 50 mm Hepes in a 37°C temperature-controlled chamber (Live Cell Instrument) during acquisition. Images were acquired every 5--10 min for 6 h using the spinning disk confocal microscope. MetaMorph software was used to track migrating cells and to measure the net distance from the first time point to the last time point. The migration directionality ratio was calculated as described in Co-culture in microfluidic devices. Migration speed was calculated by dividing the total distance traveled (in micrometers) by total time (in hours). In experiments testing integrin function in DU145 cell migration on CAF-CDMs, 10 µg/ml of either the function-blocking antibody (JBS5 or 17E6) or the control IgG was added to culture medium 30 min before imaging. Function-blocking properties of each antibody were confirmed by cell-attachment assays using crystal violet staining.

IF {#s20}
--

For most experiments, cells were plated onto glass coverslips coated with 5 µg/ml Fn (F0895; Sigma-Aldrich) and allowed to attach for 3 h. However, to allow for Fn matrix deposition and formation of fibrillar adhesions, Fn and integrin staining was performed 48 h after the cells were plated onto uncoated glass coverslips. Cells were fixed using 4% PFA supplemented with 0.12 M sucrose in PBS for 15 min at RT. After fixation, cells were permeabilized with 0.2% (vol/vol) Triton X-100 for 3 min in most experiments. Cells were not permeabilized for Fn staining to observe the extracellular Fn matrix organization. Blocking was performed for 1 h with 20% goat serum in PBS. Primary and secondary antibodies were diluted in 5% goat serum and were incubated with the cells at 4°C overnight and 45 min at RT, respectively. After each antibody step, coverslips were washed with PBS extensively. DAPI (AS-83210; AnaSpec) and phalloidin (acti-stain 670, PHDN1; Cytoskeleton, Inc.) costains were performed at the same time as the secondary antibodies. Coverslips were mounted on the glass slides using Aqua Poly/Mount (Polysciences, Inc.).

The mean fluorescence intensity was quantified by dividing the background-corrected, integrated fluorescence intensity in individual cells by the cell unit area with MetaMorph software. The size and number of vinculin adhesions were calculated by tracing individual adhesions and using the measure tool within MetaMorph.

Calculation of angles between the fibers and FFT analysis {#s21}
---------------------------------------------------------

Fn images were opened in MetaMorph software, and a template of nine dots, which was formed by selecting three dots 120° apart on three concentric circles, was placed on the image. The angle between a fiber that intersected with one of the reference dots and its closest intersecting fiber was quantified using ImageJ (<http://rsb.info.nih.gov/ij>). A minimum of 50 angles were measured for each experimental condition in each experiment. This procedure was adapted from a previous protocol for quantifying ECM alignment ([@bib78]).

To characterize fiber orientation, FFT was also used as previously reported ([@bib6]). In brief, the FFT function was performed on fluorescence images of Fn and CDMs using ImageJ. Then, a 512-pixel-diam circle was overlaid on the FFT output image (2048 × 2048 pixels) in the center using the Oval Profile plug-in (W. O'Connell, University of California, San Diego, San Diego, CA). A radial summation of gray value intensities over the circle was conducted and normalized by dividing it by the total intensity. Peak intensities observed 180° apart from each other indicated an aligned fiber orientation, whereas no noticeable peaks were observed when fibers were unorganized.

Traction-force microscopy {#s22}
-------------------------

Traction forces of fibroblasts were measured as described previously ([@bib62]; [@bib38]). In brief, rectangular glass coverslips were mounted with PAA gels embedded with 0.2-µm FluoSpheres crimson (625:645) fluorescent beads (Thermo Fisher Scientific). Immediately after gels solidified, the PAA gel surface was activated using 1 mg/ml Sulfo-SANPAH (ProteoChem) solution in double-distilled H~2~O under UV light for 5 min on ice. The PAA gels were then washed with double-distilled H~2~O and incubated with 25 µg/ml Fn overnight at 4°C. The Young's modulus of the PAA gels was 15.6 kPa as previously calculated ([@bib79]; [@bib62]). This PAA gel compliancy was chosen based on previous studies of prostate cancer tissue stiffness ([@bib36]; [@bib81]). A total of 2 × 10^3^ CellTracker green-labeled fibroblasts were incubated on top of the coated coverslip for 3 h at 37°C to allow cells to adhere before being subjected to imaging. For each cell of interest, a differential interference contrast and a fluorescent image of the cell and a fluorescence image of the FluoSpheres beads beneath the attached cell were taken. Then, trypsin was added to dissociate the cells from the PAA gel, and another fluorescence image of the FluoSpheres beads was acquired from the same field. The spinning-disk confocal microscope was used to acquire all images. The images were analyzed using the LIBTRC software developed by M. Dembo (Boston University, Boston, MA) to determine the mean traction forces by cells, normalized to the cell area. Traction-force maps were then generated using the software ([@bib20]).

Cell-contraction assay {#s23}
----------------------

CAFs and NFs were suspended in full-growth medium at a density of 6 × 10^5^ cells/ml. Then, rat tail type I collagen was neutralized and diluted to a concentration of 3 mg/ml. The cell suspension and prepared collagen were mixed on ice at 1:2 ratio, to get a final mixture with 2 × 10^5^ cells/ml and 2 mg/ml of collagen. 600 µl of that mixture was loaded into each well of a 12-well plate and incubated at 37°C until polymerization was complete. Gels were then covered with 1 ml of medium and detached from plates using a pipette tip to circle around the inside wall of each well. The plates were scanned at the beginning of the assay and after 24 h incubation (end of assay) at 37°C. The gel area was measured at those times using MetaMorph software. The percentage of contraction by the gels was calculated by dividing the gel area at 24 h by the gel area at 0 h, and multiplying by 100%.

WB {#s24}
--

Cells were lysed using radioimmunoprecipitation assay buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) with protease inhibitor cocktail (Sigma-Aldrich). The protein concentration in the cell lysates was measured with a bicinchoninic acid assay (Bio-Rad Laboratories). 30 µg of each cell lysate was run in an SDS-PAGE gel and transferred to a nitrocellulose membrane. After blocking in 4% nonfat dry milk in TBS-T solution for 1 h, the membrane was first incubated with the primary antibody at 4°C overnight, then incubated with the secondary antibody for 1 h at RT. The membranes were imaged using an Odyssey CLx imaging system (LI-COR Biosciences). For phosphorylated PDGFRα WB, CAFs and NFs were starved overnight and, the next morning, were stimulated with complete culture medium for 2 h. Cell lysates were then prepared with addition of PhosSTOP phosphatase inhibitor cocktail (MilliporeSigma) to the lysis buffer. HRP-conjugated secondary antibodies were used and detected with SuperSignal West Femto maximum sensitivity substrate kit (Thermo Fisher Scientific) via an Amersham Imager 600 (GE Healthcare). The normalized band intensities were measured with Image Studio Lite Software version 4 (LI-COR Biosciences), which were further normalized to loading controls, either β-actin or α-tubulin.

Adhesion turnover assay {#s25}
-----------------------

24 h before the assay, fibroblasts were transfected with 1.5 µg of GFP--vinculin with the TransIT-X2 dynamic delivery system according to the manufacturer's instructions (Mirus Bio LLC). Before the assay, 35-mm-diam, glass-bottom dishes were coated with 5 µg/ml Fn overnight at 4°C. The next day, cells were plated on Fn-coated dishes and allowed to adhere for 1 h at 37°C. Time-lapse images of GFP--vinculin were acquired at 15-s intervals for 20 min with an IX71 microscope and PlanApo 60× OTIRFM objective (NA 1.45) as described in the Microscopy section. Rate constants for adhesion assembly and disassembly were determined as described previously ([@bib76]) with MetaMorph software.

Histology {#s26}
---------

Deidentified, formalin-fixed, paraffin-embedded tissue was procured from four cases of prostate cancer and 10 cases of PDAC through the Cooperative Human Tissue Network with approval from the Vanderbilt Institutional Review Board. 5-μm sections were processed as described ([@bib67]) and labeled with antibodies to Fn for colorimetric analysis. Detection was performed using Vectastain Elite ABC kit (Vector Laboratories) after a reaction with 3,3′-diaminobenzidine (Vector Laboratories). For fluorescent analysis, antibodies to smooth muscle α-actin (αSMA) were detected using the Vectastain Elite ABC kit, followed by tyramide signal amplification with the TSA Plus Cyanine 3 kit (PerkinElmer), followed by heat inactivation. Binding of anti--Fn antibodies was detected with Cy2--anti-rabbit antibodies (Jackson ImmunoResearch Laboratories, Inc.). Slides were counterstained with hematoxylin (Sigma Aldrich) or Toto3 (Thermo Fisher Scientific) and DAPI (Sigma-Aldrich). Colorimetric images were obtained on an Axioskop 40 microscope (ZEISS), and fluorescent images were captured on the Quorum WaveFX spinning disk confocal system with Nikon Eclipse Ti microscope as described in Microscopy.

Data analysis and statistics {#s27}
----------------------------

Statistical analyses were performed with SPSS software (version 24; IBM Analytics), and the Shapiro-Wilk test was performed to assess data normality. p-Values were determined using either a Student's *t* test (if data were normally distributed) or Mann-Whitney *U* test (if data were not normally distributed). In figures, \*, P \< 0.05; \*\*, P \< 0.01; and \*\*\*, P \< 0.001, as indicated, and these were designated as statistically significant. The bar graphs were generated using Microsoft Excel and presented as mean ± SEM from at least three independent experiments. The box and whisker plots were generated using GraphPad Prism version 7.02 (GraphPad Software), in which the box ranges from 25--75th percentile, with the middle line indicating the median, and the whiskers indicating 5--95th percentile.

Online supplemental material {#s28}
----------------------------

Fig. S1 shows the schematic of microfluidic co-culture device, DU145 migration speed, and co-culture results from JHU012 and SCC61 HNSCC cells with fibroblasts and Fn WB. Fig. S2 shows images of N-cadherin and E-cadherin staining in co-cultures, Fn staining in NFs and CAFs, and JHU012 and SCC61 cell migration data on CDMs generated by NFs and CAFs. Fig. S3 shows collagen gel contraction assays and Fn images after blebbistatin treatments of NFs and CAFs. Fig. S4 shows WB for α5 and β1 integrin subunits, images of Fn organization after RGD treatment of CAFs, and DU145 cell migration on CDMs generated during treatment with RGD peptide. Fig. S5 shows immunohistochemistry images of Fn organization in tissue from patients with prostate and pancreatic cancer. Video 1 shows three fields of DU145--NF co-culture migration. Video 2 shows three fields of DU145--CAF co-culture migration. Video 3 shows JHU012-NF (left) and JHU012-CAF (right) co-culture migration. Video 4 shows a DU145 cell migrating along a CAF and interacting with FITC--Fn fiber (green) assembled by the CAF. Video 5 shows co-culture migration of DU145 cells with control (left) or Fn--KD (right) CAFs. Video 6 shows a DU145 cell migrating on NF--CDM. Video 7 shows a DU145 cell migrating on CAF--CDM. Video 8 shows JHU012 cell migrating on NF (left) and CAF (right) CDM. Video 9 shows adhesion turnover of a NF transfected with vinculin-GFP. Video 10 shows adhesion turnover of a CAF transfected with vinculin-GFP.

Supplementary Material
======================

###### Supplemental Materials (PDF)
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###### Video 3
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